The aim of this study was to verify the possible physical and chemical changes that may occur on the surface of Ag-TiCN coatings after exposure to the culture media used in microbiological and cytotoxic assays, respectively tryptic soy broth (TSB) and Dulbecco's modified eagle's medium (DMEM). After sample immersion for 24 h in the media, analyses were performed by glow discharge optical emission spectroscopy discharge radiation (GDOES), Rutherford backscattering spectroscopy (RBS) and x-ray photoelectron spectroscopy (XPS). The results of GDOES profile, RBS and XPS spectra, of samples immersed in TSB, demonstrated the formation of a thin layer of carbon, oxygen and nitrogen that could be due to the presence of proteins in TSB. After 24 h of immersion in DMEM, the results showed the formation of a thin layer of calcium phosphates on the surface, since the coatings displayed a highly oxidized surface in which calcium and phosphorus were detected. All these results suggested that the formation of a layer on the coating surface prevented the release of silver ions in concentrations that allow antibacterial activity.
Introduction
Stainless steel AISI 316L (SS 316L), cobalt-chromium alloys and titanium and its alloys are the materials most commonly used in the development of medical devices [1, 2] . They are used in orthopaedics in implant surgery since they present good mechanical properties and, in the case of stainless steel, also low cost [1] [2] [3] . However, SS 316L is a material susceptible to corrosion when in prolonged contact with body fluids [3, 4] . To overcome this problem, the surface modification of SS 316L with titanium carbonitride (TiCN) coatings, to improve and control the corrosion resistance and biocompatible properties, is a promising process. TiCN presents good mechanical and tribological properties [5] , in which wear and fatigue behaviours were extensively studied [5] [6] [7] . In the literature, the good corrosion resistance of TiCN [3] and its noncytotoxic character [8] are also reported, resulting in an interesting material for biomedical applications. Nevertheless, this material does not present any antimicrobial effect and the infection caused by microorganisms is one of the causes of failure of these devices. Hence, surface modification by coatings doped with silver is one of the most used approaches to control the bacterial adhesion and colonization. As silver demonstrates high antimicrobial activity and a relatively low cytotoxicity, it has been the mostly used metal [9] [10] [11] [12] [13] .
According to a previous study [5] , the incorporation of silver into TiCN coatings to be used in implant and medical devices must be limited up to 6 at% to ensure a good balance between tribological and biocompatibility properties. Some studies revealed that the increase in silver contents not only leads to a better antimicrobial effect, but also shows an increase in the cytotoxicity [14, 15] . Some researchers who worked with similar coatings of Ag-TiCN, produced also by physical vapour deposition (PVD), have reported the occurrence of Ag + ion released after material contact with the simulated body fluid [14, 16, 17] . In a previous study [18] , Ag-TiCN coated SS 316L showed no antibacterial effect, even for relatively large quantities of silver (15 at%), conflicting with other published results [9, 17, [19] [20] [21] [22] [23] . In that study, the silver nanoparticles embedded in the TiCN matrix did not produce any antibacterial effect, since there was no ionization, or it occurred at very low concentrations, and as the antibacterial activity is dependent on the total number of Ag + ions this leads to believe that something prevents its ionization. One explanation for the absence of antibacterial activity may be related to the culture medium used in microbiological assays, tryptic soy broth (TSB), which can somehow influence the release of silver ions. Additionally, in another study [5] , the cytotoxicity of coatings with high Ag atomic percentage was tested, using Dulbecco's modified eagle's medium (DMEM) as the culture medium of animal cells, and the results showed no cytotoxic effects. In this case also, the culture medium appears to influence the release of Ag + ions, and a conclusion drawn is that the high concentration of Cl − anions present in the TBS (5.0 g l −1 of NaCl) and DMEM (6.4 g l −1 of NaCl) media promotes an effect on the solubility and concentration of Ag + ions promoting AgCl precipitation, reducing in this way the antibacterial effect [24] . Accordingly, the aim of this work is to evaluate the possible physical and chemical changes that may occur in the coating surfaces after being exposed to TSB and DMEM. In order to achieve such a goal, advanced surface characterization techniques were used.
Materials and methods

Coating preparation
Ag-TiCN coatings were deposited by reactive dc magnetron sputtering, using two targets (200×100 mm 2 )-Ti and Ti+Ag, onto polished and ultrasonically cleaned SS 316L (20 × 20 mm 2 ). In order to introduce silver nanoparticles into the coatings, one Ti target was modified with silver pellets that were glued on the erosion area target with silver paint, maintaining a Ti/Ag area ratio on this target of around 6.7, corresponding to a relative Ag sputtering area of 15%. The depositions were carried out in Ar, C 2 H 2 and N 2 atmospheres. The substrates were spaced 70 mm from the targets and were rotated at a constant speed of 7 rpm. The films were grown at a constant temperature (573 K) and bias voltage (−70 V). Argon flow was kept constant at 60 sccm while the reactive gas fluxes (C 2 H 2 and N 2 ) were changed in the ranges 6-8 sccm and 6-8.5 sccm, respectively, in order not to change the C and N contents significantly. The base pressure in the deposition chamber was about 10 −3 Pa and rose up to values around 10 −1 Pa during the depositions. The current density applied to each magnetron was adjusted in order to obtain two different Ag/Ti atomic ratios, with Ag content of 0 and 6 at%. Further details about the synthesis conditions can be found elsewhere [25] .
TiCN coatings with and without silver (previously sterilized at 121
• C for 15 min) were immersed into 3 ml of TSB (Sigma) or DMEM (Sigma) for 24 h, at 37
• C under a constant agitation of 120 rpm. Then the supernatants were removed, the coatings were rinsed with Milli-Q water and placed in a sealed desiccator. Afterwards, the coating surface was evaluated by several techniques (described below) to observe the changes promoted by the exposure to media culture.
Chemical and physical analysis
The chemical composition of the deposited films was measured by electron probe microanalysis (EPMA) using a Cameca SX 50 apparatus.
The film thickness was calculated from the diameters of the rings by ball cratering tests. The deposition rate was calculated to control the growth of films. All parameters used were based on previous work that had a clear objective: to obtain a seemingly great composition, not compromising the tribological and mechanical part [5, 26] .
Glow discharge optical emission spectroscopy (GDOES) and Rutherford backscattering spectrometry (RBS) were performed in order to detect small variations in the composition of the coating surface and in the elementary distribution in depth, with particular focus on the distribution of silver after 0 and 24 h of immersion. GDOES experiments were performed using a Jobin Yvon RF GD profiler equipped with a 4 mm diameter anode and operating at a typical radio frequency discharge pressure of 650 Pa and a power of 40 W. RBS experiments were performed using 3.7 MeV He + at an ion dose of 10 µC. The data were acquired simultaneously with two silicon surface barrier detectors located at scattering angles of 170
• and 135
• , with an energy resolution of 16 keV. RBS spectra were fitted with the software program RBX [27] . X-ray photoelectron spectroscopy (XPS) was carried out to analyse the chemical bonds of the compounds on the coating surface, and also after the treatment of coatings. The tests were performed using a hemispherical analyser (SPECS EA-10 Plus) and Al Kα radiation as the exciting source at a constant power of 300 W. The pass energy was 15 eV giving a constant resolution of 0.9 eV. The Ag 3d 5/2 line at 367.9 eV was used to calibrate the binding energies (BE). All samples (those that were in contact or not with the culture media) were not sputtercleaned in order to obtain the effect of the electrolytes on the surface. The curve-fitting analysis of all core levels was performed using a Gaussian curve-fitting function, in CasaXPS software.
Results and discussion
Chemical composition
The chemical composition, thickness and some experimental details of two different Ag/Ti atomic ratios are summarized in table 1. The carbon and nitrogen content do not vary significantly. The Ti content decreased from 37 to 32 at% being mainly substituted by Ag, with an increasing content from 0 to 6 at%.
Depth profile characterization
GDOES profiles of coatings with Ag/Ti atomic ratios of 0 and 0.20 before and after immersion in the culture media are presented in figures 1 and 2 , respectively.
The spectra of control samples (without media immersion) without and with silver (figures 1(a) and 2(a), respectively) present an oxidation in the top surface (<20 nm), with the oxygen content decreasing progressively within the bulk coating. This effect is more noticeable in figures 1(a 1 ) and 2(a 1 ), where the first 700 nm of the samples are zoomed. The oxidation on the surface is probably due to some contamination by exposure to the environment. The oxygen inside the coating probably stems from the residual oxygen in the deposition chamber during the production, as well as from the small amount that is due to natural oxidation from the target surface, constituted by metals, which occurs unavoidably when the samples are in contact with the moisture in the environment [28] . In these figures, the homogeneous elemental composition within the bulk deposited coating (thickness above 500 nm and 20 nm for Ag/Ti = 0 and Ag/Ti = 0.20, respectively) can be observed until the Ti interlayer is reached. The chemical composition of these samples corroborates with that obtained by EPMA.
GDOES profiles for samples with Ag/Ti atomic ratios of 0 and 0.20 which were in contact with TSB for 24 h (figures 1(b) and 2(b)), respectively, show the presence of phosphorus on the surface. However, this presence was not confirmed either by RBS or by XPS, as will be discussed later. Figures 1(b 1 ) and 2(b 1 ) show a high heterogeneity in the chemical composition on the first 700 nm of both samples. An increase in the carbon content can be seen, reaching the maximum concentration at approximately 170 nm and 120 nm in depth, for the samples without and with silver, respectively. Moreover, it should be noted that for both samples there is a very thin surface layer (with a thickness of 70 nm and 50 nm for samples with Ag/Ti = 0 and Ag/Ti = 0.20, respectively) without detection of titanium and with a significant decrease in the silver content (inset of figure 2(b 1 ) ). This layer may indicate the presence of organic compounds on top of the deposited coatings, since contributions of only carbon, nitrogen and oxygen (and, to a smaller extent, phosphorus) are observed, and these elements are the principal constituents of proteins, important components of TSB.
Finally, GDOES profiles of the samples subjected to immersion in DMEM (figures 1(c) and 2(c)) exhibit a wide oxidized surface of about 600 nm and 400 nm thickness for the coatings without and with silver, respectively. In this same coating thickness, the emergence of phosphorus can be seen, and in this case, its presence was confirmed by RBS and XPS, as will be discussed later. Underneath the oxidized layer it can be observed that the film remains quite homogeneous, showing the same behaviour found in the control samples. Figure 3 shows RBS spectra for coatings with Ag/Ti atomic ratio of (a) 0 and (b) 0.20 before (control samples) and after 24 h of immersion in both culture media (TSB and DMEM).
RBS results (figure 3) confirm the presence of a surface layer on top of the Ag-TiCN coatings for both samples, in agreement with GDOES observations (see figures 1 and 2) . The surface Ti signal for the control samples with Ag/Ti = 0 and Ag/Ti = 0.20 sharply appears at an energy of 2660 keV in the RBS spectra of figures 3(a) and (b) (bottom), respectively. However, for both Ag/Ti ratios, after 24 h of immersion in TSB or DMEM, the titanium signals appear slightly shifted towards lower energy, while the signals of C, N and O remain at their original energies. This is an indication of the deposition of a C-N-O-based coating on the control TiCN film. The decrease in the energy of the titanium signal is due to the loss of energy of He + ions within this top layer until reaching the buried titanium. In a similar way, the surface Ag signal for the Ag/Ti = 0.20 samples immersed in TSB and DMEM appears shifted towards energies lower than 3190 keV (energy of the Ag surface for the control sample) in the RBS spectra of figure 3(b) . In addition, for the samples immersed in DMEM, there is evidence in the RBS spectra of the presence of two new surface elements (phosphorus and calcium), which are the main constituents of the DMEM media. Phosphorus was already detected by GDOES (see figures 1 and 2) but as the GDOES setup was not equipped with a photodetector for the calcium wavelength it was not possible to detect it by this method.
Chemical bonding analysis by XPS
Further information on the chemical bonding of the samples in contact with the culture media was obtained using XPS. The analysis was performed on both samples, with and without silver. Since both results are very similar, only the results of the sample with silver are presented and discussed.
The effect of BE shift due to charging effects of the samples upon x-ray irradiation was corrected, and all XPS energies refer to that of C 1s band at 285.0 eV. In order to relate the chemical changes in the sample surface to the antibacterial effect in the coating, the C1s, N1s, O1s and Ti 2p XPS bands are represented in figure 4 , after BE correction of the control sample, as well as, of the samples immersed in TSB and DMEM. As can be seen in figure 4(a) , the C1s band, of the sample immersed in TSB, shows three contributions at 285.0 eV, 286.4 eV and 288.1 eV, respectively. The C 1s band at 285.0 eV is assigned to C-C bonds related to the amorphous carbon phase, in good agreement with Raman spectroscopy results previously published [25] .
The band at 286.4 eV is attributed to C-N bonds in a CN amorphous phase. This interpretation is supported by the presence of a contribution at around 400 eV within the N 1s band (see figure 4 (b) [29] [30] [31] [32] ). The peak at 288.1 eV is observed only in the samples treated with TSB and should be assigned to C=O. The counterpart is also observed in the O 1s band at around 531.7 eV. The carboxylic group points to the presence of organic species, which were also identified in other studies [31] [32] [33] [34] , and is confirmed by the GDOES analysis. In addition to that, the N 1s band for the sample treated with TSB shows another contribution at ∼401.5 eV, which should be attributed to C-N bonds in the organic matrix [33, 35] . This organic material, being adsorbed on the coating's surface, prevents silver diffusion to the surface and consequently its ion release. For the samples either sterilized or immersed in DMEM, the O 1s band shows a peak at ∼532.3 eV that could be attributed either to O-H or O-P bonds, respectively. The presence of O-H bonds in the control sample is also observed with GDOES and is attributed to surface contamination by environmental components. However, as will be discussed later, the presence of O-P bonds in the samples treated with DMEM is attributed to the formation of a phosphate thin layer on the surface. The peaks at 531.1 eV for the O 1s band and that at 458.4 eV for the Ti 2p 3/2 band (see figures 4(c) and (d)) in the control sample are attributed to the formation to oxygen bonded to titanium in good agreement with previously published results [25] . It is worth noting that the Ti contribution disappears upon immersion of the samples in the culture media. This is consistent with GDOES and RBS results, which also show the absence of Ti on the coating surface. For the sample immersed in TSB, the explanation of this behaviour should be found in the formation of a film of proteins on the surface, from TSB constituent, while for the sample immersed in DMEM, it is attributed to the formation of a thin calcium phosphate layer. Figure 5 shows the Ag 3d (a), Ca 2p (b) and P 2p (c) bands measured for the control sample, the sample treated with TSB, and for that treated with DMEM, respectively. The control sample shows an Ag 3d doublet with the Ag 3d 5/2 peak at 367.8 eV, which is attributed to Ag-Ag metallic bonds [25] , therefore indicating the presence of silver on the coating surface. As can be observed, the intensity of the Ag signal decreases with the immersion of the samples in the culture media, the decrease being more evident for the sample treated with TSB. As pointed out before, these outcomes are in agreement with GDOES and RBS results. The hypothesis formulated earlier about the possible formation of AgCl was thus ruled out since this peak is not detected. It should be indicated that similar samples, with different chemical compositions, immersed in a simulated body fluid with bovine serum albumin, showed, in a similar way, the formation of a layer of adsorbed proteins on the surface coatings to a depth of 500 nm [26] . Figure 5 also shows, for the sample immersed in DMEM, a Ca 2p doublet with the Ca 2p 3/2 peak at 347.3 eV and a broad band P 2p (the doublet is unresolved) at 133.3 eV, already detected in RBS analysis [36] . These peaks can indeed suggest the presence of a calcium phosphate thin film on the coating surface that may be preventing or reducing the diffusion of silver to the surface and therefore its ionization.
Conclusion
GDOES, RBS and XPS analyses were carried out on coatings before and after immersion in different culture media in order to find a possible justification for the antibacterial inactivity of these coatings.
All results obtained by these techniques suggest that the modification of the surface caused by exposure of the sample to the culture media can be originated from the formation of a layer of proteins in TSB and calcium phosphate in DMEM. Moreover, this layer seems to justify the absence, or low levels, of silver ionization, which is related to the absence of the antibacterial effect found in these samples [18] .
